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METHOD AND APPARATUS FOR MEASUREMENT AND IMAGING 
OF TISSUE COMPRESSIBILITY OR COMPLIANCE 



This application is a continuation in part of an 
10 application entitled "Transaxial Compression Technique 

for Sound Velocity Estimation, " serial number 7/438 , 695 , 
filing date 11/17/89. 

Applicant incorporates said application Serial 
15 no. 7/438,695 by reference herein and claims the benefit 

of said application for all purposes pursuant to 
37 C.F-R. § 1.78. 

This invention relates generally to methods and 
20 apparatus for performing ultrasonic diagnosis of a target 

body. More particularly, the invention pertains to 
methods and apparatus for measuring compressibility or 
compliance in a target body. The invention is directed 
towards techniques for enhancing the accuracy of such 
25 measurements in compressible or compliant targets, 

particularly the human body, using one or more ultrasonic 
transducers in pulse-echo mode. 

Traditional ultrasonic diagnosis is achieved by 
3 0 transmitting ultrasonic- energy into a target body and 

generating an image from the resulting echo signals. A 
transducer is used to both transmit the ultrasonic energy 
and to receive the echo signals. During transmission, 
the transducer converts electrical energy into mechanical 
35 vibrations. Acquired echo signals produce mechanical 

oscillations in the transducer which are reconverted into 
electrical signals for amplification and recognition. 
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A plot or display (e.g., on an oscilloscope, etc.) of the 
electrical signal amplitude versus echo arrival time 
yields an amplitude line (A-line) or echo sequence 
corresponding to a particular ultrasonic transmission. 
5 When the A-line is displayed directly as a modulated 

sinusoidal pattern at radio frequency ("RF") , it is 
typically referred to as an RF or "undetected" signal. 
For imaging, the A-line is often demodulated to a non-RF 
or "detected" signal. 

10 

Ultrasound techniques have been extensively used in 
the field of diagnostic medicine as a non- invasive means 
of analyzing the properties of tissue in vivo (i.e., 
living) . A human or animal body represents a 

15 nonhomogeneous medium for the propagation of ultrasound 

energy. Acoustic impedance changes at boundaries of 
regions having varying densities and/ or sound speeds 
within such a target body. At such boundaries, a portion 
of the incident ultrasonic beam is reflected. 

20 Inhomogeneities within the tissue form lower level 

scatter sites that result in additional echo signals. 
Images may be generated from this information by 
modulating the intensities of pixies on a video display 
in proportion to the intensity of echo sequence segments 

25 from corresponding points within the target body. 

Conventional imaging techniques are widely used to 
evaluate various diseases within organic tissue. Imaging 
provides information concerning the size, shape, and 

30 position of soft tissue structures using the assumption 

that sound velocity within the target is constant. 
Qualitative tissue characterization is carried out by 
interpretation of the grey scale appearance of the 
sonograms. Qualitative diagnosis largely depends on the 

35 skill and experience of the examiner as well as 

characteristics of the tissue. Images based only on 
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relative tissue reflectivity, however, have limited use 
for quantitative assessment of disease states. 

Techniques for quantitative tissue characterization 
using ultrasound are needed for more accurate diagnosis 
of disorders. In recent years many significant 
developments have been achieved in the field of 
ultrasonic tissue characterization. Some acoustic : 
parameters, e.g., speed of sound and attenuation, have 
been successfully used for tissue characterization. One 
promising physical parameter for quantitative measurement 
is compressibility or compliance. The amount of 
compressibility or compliance within tissues changes 
within regions of varying density. Diseased tissue, such 
as tumors, may be harder or softer than normal tissue, 
and thus have a different amount of compressibility. 

Tissue compressibility is an important parameter 
which is used to detect the presence of diffuse or 
localized disease. Measuring changes in compressibility 
becomes important in the analysis of tissue for 
pathological conditions. Many tumors are firmer than the 
surrounding normal tissue, and many diffuse diseases 
result in firmer or more tender pathology. Examples can 
be found in diffuse liver disease, prostate cancer, 
' uterine fibroids, muscle conditioning or disease, and 
many other conditions. .. 

Traditionally, physicians routinely palpate various 
regions of a patient's body to get an impression of 
tissue firmness or tissue softness. This technique is a 
form of remotely trying to sense what is going on in 
terms of tissue compliance. For example, in a liver, if 
the compliance in an area is sensed to be different from 
compliance in the surrounding area, the physician 
concludes from the tactile sensations in his fingers that 
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something is wrong with the patient. The physician" s 
fingers are used to perform a qualitative measurement. 

The ability to quantitatively measure the 
5 compressibility or compliance of tissue in localized 

regions would help with (1) objective quantif ication of 
commonly used clinical signs , (2) localizing these 
measures , (3) making the measurements deep in tissue with 
simple equipment , (4) constructing images of the 
10 compressibility or compliance parameter in vivo, which 

may be used alone or in conjunction with ordinary 
sonograms . 

One technique has attempted to quantitatively 
measure the elasticity and compressibility of tissues by 
correlating patterns obtained in ultrasonic measurements 
of tissue movement in vivo* The method applies Fourier 
analysis to a clinical study of patterns of tissue 
movement , specifically in the liver. The technique uses 
Fourier analysis to enable objective differentiation of 
different tissue types in pathologies on the basis of 
numerical f eatures of the time-course of the correlation 
coefficient between pairs of A-scans recorded with a 
particular time separation. Tissue oscillations 
resulting from periodic stimulus by waves resulting from 
ventricular contraction and pressure pulses in the 
descending aorta are measured to derive patterns of 
movement. Fourier series transformation is used to 
analyze the data to guantitate the kinetic behavior of 
the tissue in vivo. See. Tristam et al. . "Application of 
Fourier Analysis to Clinical Study of Patterns of Tissue 
Movement," Ultrasound in Med. & Biol. , Vol. 14 f No. 8, 
(1988) 695-707. 

35 In another approach, patterns of tissue movement are 

correlated in vivo. This technique basically studies 
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details of the patterns of movement in tissues in 
response to a normal physiological dynamic stimulus such 
as cardiac motion. A method is given for quantifying 
tissue movement in vivo from the computation of a 
correlation coefficient between pairs of A-scans with 
appropriate time separation. Tri stam et al.,, -Ultrasonic. 
Study of in vivo Kinetic Characteristics of Human 
Tissues," Ultrasound in Med. & Biol., Vol. 12, No. 12 
(1986) 927-937. 

The waveforms of liver dynamics caused by aortic 
pulsation and vessel diameter variations are analyzed in 
still another method, involving a signal processing 
technique for analyzing radio 1 frequency M-mode signals. 
The technique uses patterns of movement in response to 
arterial pulsation to determine tissue characteristics. 
The technique measures displacement, velocity, and strain 
as a function of time in small deformations in tissue due 
to arterial pulsation. Wilson and Robinson, "Ultrasonic 
Measurement of Small Displacements and Deformations of 
Tissue," Ultrasonic Imaging, Volume 4, (1982) 71-82. 

Yet another method processes echoes in order to 
measure tissue motion in vivo. The motion patterns 
observed in vivo are correlated to arterial pressure 
pulse. Dickinson and Hill, "Measurement of Soft Tissue 
Motion Using Correlation Between A-Scans," Ultrasound in 
Med. & Biol., Vol. 8, No. 3, (1982) :263-271. 

All of the above techniques focus upon the dynamic 
motions of tissue in vivo.. These methods are limited due 
to the complexity of tissue motion, and the behavior of 
the stimuli employed in those methods. 



The present invention provides a pulse-echo system 
that has particular application, in estimating 
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compressibility in a target body. The target body may be 
any animal or human tissue, or any organic or inorganic 
substance that is compressible or compliant* The term 
"animal tissue" includes "human tissue". An ultrasonic 
5 source is used to interrogate the target body. The 

detection of echo sequences may be at the ultrasonic 
source. The invention allows for accurate, localized 
determination and imaging of an important parameter, 
compressibility, which has been used qualitatively in 
10 medicine for a very long time. 

The compressibility of a material is normally 
defined as the inverse of the bulk modulus of the 
material . Thus , 



15 



compressibility = (v/V) / (F/a) where 



v = a change in volume; 

V = the original volume; 

20 F = force applied to the volume; 

a = area across which the force is applied. 

In the present instance, it may be generally assumed 
in determining relative compressibilities within a 
25 material that the terms 11 F" and "a" will remain constant 

along an axis of compression, and that the terms "1" and 
"L" may be employed in place of v and V, where 

1 = a change in the length of a segment of interest 
30 along an axis of compression, and 

L = the original length of the segment. 

Thus, the compressibility of any given segment or 
layer within a material relative to another segment or 
35 layer may be estimated from the relationship K x = K 2 

(lx/LJ/da/I*), where 
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K x « compressibility of a first segment or layer; 
l x = change in length of the first segment or layer 

along an axis of compression in response to a 

given force; 

5 L x = original length of the first segment; 

1 2 = corresponding change in length of a second 

segment or layer; 
L 2 = original length of the second segment or layer; 

10 Kz = compressibility of the second segment or layer. 

In those instances where absolute value of 
compressibility of a segment or layer is desired, such a 
value may be estimated from the relationship 

compressibility - (l/L)/(F/a) where 

**» . . ■ 

F = a change in compressive force, and 
a = the area of application — typically, the 

cross-sectional area of a transducer forced 
against a material which includes the segment 
or layer of interest. 



15 



20 



In the present invention, the velocities of sound in 
25 different segments or layers may be employed, together 

with time measurements, to calculate distances within the 
segments or layers. The ultrasonic signals also provide 
a precise measuring tool. The velocities of sound may be 
determined using the apparatus and procedures disclosed 
30 in the application entitled "Transaxial Compression 

Technique for Sound Velocity Estimation," serial number 
7/438,695, filing date 11/17/89. 

The invention contemplates sonically coupling an 

3 5 ultrasonic source to a target body; energizing the 

ultrasonic source to emit a first ultrasonic signal or 
pulse of ultrasonic energy from the source along an axis 
into the target body; detecting from a region within the 
target body a first echo sequence including a plurality 

4 0 of echo segments resulting from the first transmitted 

signal; displacing the target body along the axis while 
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maintaining coupling between the ultrasonic source and 
the target body; energizing the ultrasonic source to emit 
a second ultrasonic signal along the axis into the target 
body; and detecting from the region within the target 
5 body a second echo sequence including a plurality of echo 

segments resulting from the second transmitted signal; 
measuring the differential displacement of the echo 
segments. A plurality of first ultrasonic signals or 
pulses of ultrasonic energy may be emitted and a 
10 plurality of first echo sequences detected before 

displacing the target body. Then a plurality of second 
signals and pulses are emitted along a plurality of 
parallel paths and a plurality of second echo sequences 
are detected. 
15 

In one embodiment, a transducer is the ultrasonic 
source and is sonically coupled to direct an ultrasonic 
signal or pulse of ultrasonic energy into the tissue 
along a radiation axis such that movement of the 
20 transducer along the axis effects a change in compression 

of the tissue. 

In a preferred embodiment of the present invention , 
the ultrasonic source is a transducer sonically coupled 

25 to a tissue of interest. A first pulse of ultrasonic 

energy is emitted along a path into the target body and 
the arrival of a first. echo sequence (A-line) including 
one or more echo segments is detected from regions tfithin 
the tissue along the path resulting from the first pulse 

30 of ultrasonic energy. Thereafter , compression is changed 

within the tissue along the path. The compression change 
may be accomplished by transaxially moving the transducer 
along the path to compress or displace a proximal region 
of the tissue. A second pulse is emitted, and the 

35 arrival of a second echo sequence including one or more 

echo segments common to the f irst echo sequence is 
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detected in response to the second pulse. The 
differential displacements of at least one echo segments 
is measured. The echo sequences detected are from common 
regions within the tissue. 

A comparison of the first and second echo sequences 
or waveforms with intervening compression reveals a 
generally decreasing displacement of tissue structures 
with depth. In a homogeneous medium, the rate of 
decrease will tend to be asymptotic. Of particular 
interest is the differential displacement per unit length 
- i.e., strain. In a homogeneous compressible medium, 
the strain will tend to be constant along the axis of 
displacement. In* a non-homogeneous medium, the strain 
15 varies along the axis of displacement. 

The strain of a tissue may be Calculated using the 
arrival times of first and second echo sequences from 
proximal and distal features in a target body — i.e., 
tissue . — using the following equation: 



10 



20 



(tu, - t u ) - (tjgj - tjj 

(t 1B - t^) 

25 t _ arrival time of a first echo sequence 



-1A 

from a 



proximal feature; 

t a = arrival time of a first echo sequence from a 

o n distal feature; 

tzA = arrival time of a second echo sequence from a 

" ZA proximal feature; and 

t - arrival time of a second echo sequence from a 

3 distal feature. 

The arrival times of the echo segments from a common 
point detected in response to a first and second pulse of 
ultrasonic energy are compared. The common points may be 
found in features occurring within the echo signal. The 
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time shifting of the two echo segments is used to 
determine compressibility. 

Thus, if no change in arrival time has occurred with 
5 an intervening compressive force f it follows that a 

target body has not been compressed along the travel path 
leading to the source of the echo segments. On the other 
hand, if the arrival time of the second echo segment is 
smaller than the arrival time of the first echo segment, 
10 it is clear that compression has occurred and that the 

target body is compressible. Moreover, the difference in 
arrival times, taken together with other available data, 
makes it possible to quantify the compressibility of the 
target body. 

/is 

In another embodiment of the invention, body* 
segments which extend along the transmission path of the 
ultrasonic pulses are selected within a target body and 
separate first and second echo segments detected from 

20 within each body segment. Thus, a series of first and 

second echo segments is detected for the body segments 
selected for interrogation. Preferably, the echo 
segments are detected from the proximal and distal ends 
of body segments relative to the ultrasonic source. 

25 Measurement of the time shifts of echo segments in the 

first and second echo sequences which correspond to the 
proximal and distal ends of each body segment are then 
made. By studying the time shifts, it becomes possible 
to determine whether changes in compressibility occur 

3 0 along the ultrasonic beam within the target body. 

A preferred embodiment of the invention involves (1) 
sonically coupling a material with a known Young f s 
Modulus and speed of sound to the surface of the target 
35 body; (2) emitting a first pulse of ultrasonic energy 

along a path through the material into the target body; 
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(3) detecting a first echo sequence including a plurality 
of echo segments, from within the target body resulting 
from the first pulse; (4) forcing the material against 
the target body sufficiently to displace the target body 
while maintaining acoustic coupling between the material 
and the target body; (5) emitting a second pulse of 
ultrasonic energy along the path through the material 
into the target body; and (6) detecting a second echo 
sequence including a plurality of echo segments common to 
the first echo sequence, resulting from the second pulse. 
The presence of the material with a known Young's modulus 
and speed of sound makes it possible to determine the 
Young's modulus of the target body. If the target body, 
itself, has multiple layers, fit also becomes possible to 
determine the Young's moduli- of the individual layers . 
The application of Young's modulus to these matters is 
explained later in this description. 

The present invention takes advantage of the 
acoustical properties of physically compressible or 
displaceable materials. These materials — for example, 
animal or human tissues — often contain a large number 
of acoustic "scatter ers". The scatterers, being small 
compared to the wavelength of the sound frequencies 
involved, tend to reflect incident sound energy in all 
directions. For example, in homogeneous tissue regions, 
scatterers may comprise a collection of nearly identical 
reticulated cells. The combined reflections from each 
scatterer create a background echo signal called speckle. 
A particular arrangement of scatterers will shift in 
response to axial forces from the transducer, changing 
the time an echo is received from the arrangement. The 
echoes received from the various arrangements of 
scatterers form an echo sequence. A selected echo 
segment or wavelet of the reflected RF signal corresponds 
to a particular echo source within the tissue along the 
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beam axis of the transducer. Time shifts in the echo 
segment or wavelet are examined to measure 
compressibilities of tissue regions. It is important 
that the shape of the echo segment or wavelet not change 
5 significantly, due to compression, such that 

identification of the wavelet is not possible, and that 
the signals not be decorrelated beyond an acceptable 
range. The time shift can be determined by analyzing the 
data in a computer or by a visual examination, but the 
10 analysis will generally be easier with a computer. 

Studying an internal region of the human body is 
accomplished by sonically coupling an ultrasonic 
transducer to the body so as to emit an ultrasonic signeLl 

15 along an axis into the region, and such that movement of 

the transducer along the axis relative to the region will 
change the compression of the body between the transducer 
and the region; energizing the transducer to emit a first 
signal along the axis into the body and the region; 

20 detecting the arrival at the transducer of a plurality of 

spaced echo segments resulting from the first signal and 
coming from the region; moving the transducer along the 
axis relative to the region sufficient to change the 
compression of the body between the transducer and the 

25 region while maintaining said sonic coupling; energizing 

the transducer to emit a second signal along the axis 
into the body and said region; detecting the arrival at 
the transducer of each echo segment resulting from the 
second signal; and determining the strains produced in 

30 segments of the region between the pairs of echo 

segments. 

The present invention is of particular interest in 
interrogating organic tissue, especially human and other 
35 animal tissue. Thus, as a transducer is pressed against 

such a material, scatterers in a region within the 
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material are displaced from one position to another. For 
elastic materials, release of the pressure enables the 
scatterers to return to their original position. A 
principal object of such interrogation is to use echo 
signals from the tissue in strain studies which may 
reveal the presence of abnormalities. In general, when 
employing a transducer to transmit signals into a living 
body, care should be taken to coordinate the transducer 
signals with naturally occurring signals. Thus, in the . 
human body, the transducer should normally be activated 
at times which will minimize interference by signals such 
as aortic and vessel pulses. 

This invention m£y be used in the detection of 
diseases such as breast cancer and prostate cancer to 
accurately detect and locate tumors at an early stage. 
Another advantage of the invention is the avoidance of 
ionizing radiation from x-rays.. 

it will be noted at this point that the invention is 
contemplated to have significant applications other than 
in medicine. One such application, for example, is in 
the quality grading of beef. The invention may be used 
to quantitate the tenderness of beef before and after 
slaughter. This ability is economically important in 
determining when to slaughter cattle > Other applications 
would include, for example, interrogation of materials 
and products such as cheese or crude oil that are 
physically displaceable by the movement of a transducer. 

It will be noted that the transducers employed in 
the present invention need not be in direct contact with 
the materials to which they are applied, it is 
necessary, however, that transducers be sonically coupled 
to the materials in a manner such that movement of the 
transducers will result in displacement of the materials. 
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Sonic coupling methods and agents are well known in the 
art. 

It will be also noted that a material may be 
5 displaced according to the invention either (a) by- 

advancing a transducer against a compressible elastic 
material to increase compression, or (b) by retracting a 
transducer from* a compressed position within the 
material • Changing compression means compressing or 
10 decompressing the target body. 

As noted above, it is not necessary that an echo 
from a discrete feature in a tissue or other compressible 
material be employed. It is sufficient that an 

15 identifiable echo segment be present in the echo signal 

resulting from a transmittal signal. Even though the 
physical features within a material responsible for a 
selected echo segment may not be clearly known, the 
selected echo segment is an adequate reference for the 

20 purposes of the invention. Thus, the compression of a 

material and signal travel times determined before and 
after such compression may be based upon comparison of 
time shifts in the echo segments. Similarly, the 
recovery of an elastic material from an initially 

25 compressed condition and the signal travel times before 

and after such recovery or decompression may be based 
upon comparisons of time shifts in the echo segment. 

The present invention may also be employed for 
30 estimating compressibility or compliance in targets 

having multiple layers. It will be noted that the terms 
"compressibility" and "compliance" in the present context 
have generally similar connotations. In any event, the 
compressibility in each of the progressively deeper 
35 layers is estimated by employing the same techniques 

discussed above. According to the present invention, the 
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compressibility may be estimated in each layer from only 
two echo sequences along the axis of radiation. The echo 
sequence may be divided into echo segments corresponding 
to the layers. Thus, imaging of the compressibility 
parameter in a plane or volume of a target body may also 
be accomplished by appropriate lateral translation of the 
transducers. Other objects and advantages of the 
invention will become readily apparent from the ensuing 
description. 

Fig. la shows an embodiment of the invention where 
one transducer is sonically coupled to a target body to 
interrogate a distal tissue region within the target 
body. 

Fig. lb shows a plot of an RF echo signal 
originating from the distal tissue region interrogated in 
Fig. la. 

Fig. 2a shows the transducer of Fig. la imparting a 
small compression to a proximal region of the target 
body. 

Fig. 2b shows a plot of the time shifted RF echo 
signal originating from the distal tissue region as 
interrogated in Fig. 2a. 

Fig. 3 shows a one dimensional spring model of 
tissue before and after compression. 

Fig. 4 shows a one dimensional spring model of 
tissue with a totally incompressible section before and 
after compression. 



Fig. 5 shows the equipment set up for experiment 1. 



WO 91/07657 



PCT/US90/06736 



10 



-16- 



Fig. 6 shows -the equipment set up for experiment 2. 

Fig. 7 sliows em apparatus embodiment of the 
invention in which a transducer is coupled to a target 
body via a stand-off device containing an acoustic 
coupling fluid. 

Fig. 8 is a block diagram depicting an apparatus 
embodiment of the invention controlled by a computer. 



Figure la shows the transducer 10 sonically coupled 
to a target body 15. An ultrasonic pulse 18 is shown 
propagating within beam 2 0 toward a echo source 25 on 
beam axis 12. As the pulse 18 propagates through the 

15 target 15, corresponding echoes are generated and arrival 

times noted at the transducer aperture 11. The 
combination of all echoes generated from reflections 
within the beam 20 is the echo sequence or A-line 
corresponding to pulse 18. A radio frequency ( "RF" ) 

20 signal plot of the A-line acquired from pulse 18 is shown 

in Fig. lb. The amplitude of the signal in millivolts is 
plotted against echo arrival times in microseconds (jtxs) . 
Later arrival times correspond to progressively deeper 
regions within the target body 15. An echo segment or 

25 echo wavelet 30 , within a chosen arrival time window, is 

selected as a reference. The time window may be selected 
based on anatomical data from ultrasound imaging, or may 
be arbitrary, e.g., every x micro seconds. The echo 
segment or wavelet 30 originates from the echo source 25. 

30 

Figure 2a shows the transducer 10 being translated 
along axis 12 to impart a small compression (Ay x ) to the 
tissue. Alternatively, as shown in Fig. 7, a transducer 
80 may be associated with a stand-off device 85 which 
35 allows the transducer 80 to be acoustically or sonically 

coupled to the target body 90 without being in direct 
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contact with the target body. In this case the stand-off 
85, and not the transducer, compresses the target. 

After the transducer 10 compresses the target, a 
second pulse 22 is emitted and the corresponding A-line 
segment is acquired from a desired depth within the 
tissue. Fig. 2b shows the RF plot of a time shifted A- 
line corresponding to pulse 22. The echo segment or 
wavelet 32 associated with echo source 25 is also time 
shifted. The time shifted wavelet 32 is tracked within 
the selected time window using standard pattern matching 
techniques. The window selected must.be such that the 
wavelet of" interest will not be shifted out of the 
window. This selection may involve the size of the 
window or the positioning of the window. The window 
selected should reveal both wavelets or echo segments. 
The arrival time of echo segment or wavelet 32 is prior 
to that of echo segment or wavelet 30 above, since the 
distance between aperture 11 and feature 25 was shortened 
20 by the compression Ay x . 

In a preferred embodiment of the invention, a 
transducer is positioned on or otherwise coupled to a 
target tissue and advanced axially toward the target to 
compress the target. Alternatively, the invention may be 
practiced by retracting a transducer from a previously 
compressed position. Since the relatively large aperture 
size of the transducer precludes penetration of the 
tissue, small tissue displacements occur instead. A 
pulse is emitted prior to the displacement, and a first 
echo sequence received in response to the pulse is 
recorded. Following displacement, a second pulse is 
emitted and a second echo sequence is recorded in 
response to transmission. Next, a comparison of the 
35 waveforms is made to reveal a decreasing displacement of 
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the tissue structures with depth. The decrease will 
generally be asymptotic in character. 

In the foregoing embodiment, a single compression of 
a homogenous target body r and a repetitive sinusoidal 
waveform signal have been described. It will be 
apparent, however, that other conditions may be employed. 
Thus, multiple compressions, other waveforms and other 
signal sources, such as array transducers, may be used. 
These signal sources, for example may be non-repetitive 
and may generate spike-like signals. 

In tissue that is not homogeneous, the shifting of 
tissue in various segments will differ. For example, if 
a segment of tissue is less compressible than the overall 
tissue containing the segment, the tissue in the segment 
will compress or strain less than if the segment of 
tissue were of the same compressibility as the tissue as 
a whole. Alternatively, when a segment is more 
compressible than the tissue as a whole, the segment will 
compress or strain more than if the segment were of the 
same compressibility as other segments. 

Referring to FIG. 3, a strain model is shown which 
illustrates how Young's Modulus may be employed in 
explaining the application of the present invention to 
compressible materials r .notably human organs and tissue. 
Young's modulus is a basic property of elastic materials 
and elastic materials can be characterized by their 
0 Young's moduli. Human tissue, accordingly, may be 

similarly described. 

Briefly stated, Young's Modulus for any given 
material is the numerical ratio of the stress applied to 
15 the material to the resulting strain in the material. 

Thus, Y = F/(A) (S) = P/S, where Y is Young's Modulus for 
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a given material; F is the total force applied to the 
material; A is the area of application of the force; S is 
the strain; and P is pressure. It will be recognized 
from the relationship of these several factors that the 
Young's modulus of a material is a measure of the 
stiffness of the material. 

The model in FIG. 3 represents four segments A, B, C 
and D of a compressible body wherein each segment is 
uniformly compressible and equal in length when not 
compressed. Each segment in FIG. 3 is represented by a 
spring which is identical to the other springs. The 
springs in the left hand array reflect the condition of 
the model at a state &£ no -compression. The springs in 
the right hand array represent the condition of the model 
when a compressive force applied to the top most segment 
has displaced the top of that segment by a distance 4 Ay. 
It may be seen that -point x has been displaced by a 
distance 4 Ay to point x-. It may also be seen that this 
-total displacement has been distributed equally across 
each one of the springs, thereby causing each segment to 
shorten by the same amount. Thus, segment or spring A 
has been shortened by Ay from a to a' ; segment or spring 
B has been shortened by Ay from b to b' , etc. The net 
effect, however, has been to displace each segment 
progressively more, going from segment or spring D to 
segment or spring A. 

The total compression of the. model is shown by the 
change in length 4 Ay. The change in length of segment A 
is calculated as 4Ay - 3Ay = Ay. The total compression 
of segments B-D is shown by the change in length 3 Ay. 
The change in length of segment B is calculated as 3Ay - 
2 Ay = Ay. The total compression of segments C and D is 
shown by the change 2 Ay. The change in length of segment 
C is calculated as 2 Ay - Ay = Ay. Finally, the total 
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compression of segment D is shown by the change in length 
Ay from d to d 1 . The change in length of segment D is 
calculated as Ay -0 = Ay- The change in length of each 
segment is equal to Ay. Each segment, as long as all of 
5 the segments are equal in compressibility, compresses by 

the same net amount Ay. 

The strain* of each segment may be computed as Ay /I, 
where 1 is the initial (uncompressed) length of the 

10 segment. This strain value is in fact the quantity of 

most interest for purposes of display. Clearly in this 
case, the strain in this one-dimensional system is 
constant for each segment, reflecting the fact that all 
springs are equal. The strain is, however, affected by 

15 the initial displacement. 

On the other hand, if a segment in the above strain 
model were totally incompressible, the incompressible 
section would show no strain, but its presence would 

20 nevertheless affect the compression of the other 

sections. Referring to FIG. 4, for example, one of the 
springs C in the model of Figure 3 has been replaced by a 
totally stiff spring (so stiff, it can actually be 
replaced by a thin rod which is incompressible) . Now one 

25 of the segments is incompressible. Using the same total 

compression in FIG. 3 of 4 Ay, the total compression of 
segments A— D is shown by change 4 Ay in overall length. 
The change in length for Segment A is now calculated as 
4Ay - 2/3 x 4Ay - 4(1 - 2/3) Ay = (4/3) (Ay) . 



30 



The total compression of segments B-D is shown by 
the change (8/3) (Ay) in overall length. The change in 
length of segment B is now calculated as 8/ 3 Ay - 4/3 Ay = 
(4/3) (Ay). 
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The total compression of segment C is zero. The 
change in length for segment C is calculated as (4/3) (Ay) 
- (4/3) (Ay) =0. 

The total compression of segment D is shown by the 
change in length from d to d». The change in length of 
segment D is calculated as (4/3) (Ay) - 0 - (4/3) (Ay) . 

Each of the segments A, B, and D is compressed 
equally, since they are represented by equal springs. 
However, the amount by which each one of these segments 
is compressed is larger than in the prior example, 
because the same displacement 4 Ay is now divided over 3 
springs, >and not 4 as before. The segment C, represented 
by a incompressible rod shows no strain, but its presence 
affects the compression of the others. 

In conclusion, as long as segments, represented by 
springs, have the same Young's modulus, they will show 
equal strain which may be measured. The magnitude of 
this strain is dependent on the initial compression and 
on the number of equal segments. A segment of different 
Young's modulus can be discerned due to the different 
strain effects it introduces. Its presence changes the 
strains of the surrounding segments. Thus, changes in 
• strain within different segments of a tissue may be 
detected by using a spring model of the tissue. 

As explained above, the presence of an abnormality 
or defect in an otherwise homogeneous tissue causes the 
baseline strain of the surrounding homogeneous segments 
to change, because of the requirement that the integral 
of all the strains along the strain path (area under 
strain profile) be equal to the initial displacement. In 
other words, "normal" tissue strain is influenced by the 
size and Young's modulus of an abnormal segment. Thus, 
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only relative measurements can be made using t±ie strain 
model alone. These measurements are useful, but absolute 
measurements are also desirable. 

5 It becomes possible to determine compressibility 

within a tissue in absolute terms using a strain profile 
which includes the tissue together with a coupling medium 
with a known Young's modulus and speed of sound. Thus, a 
layer of a material having a known Young's modulus and 
10 speed of sound may be interposed as a layer between a 

transducer and the tissue , and the method of the 
invention may then be applied to obtain a strain profile 
of the combined layers. The known layer may consist of 
compressible or compliant material such as rubber, 
15 sponge, gels, etc. The material should be compressible 

and provide for an ultrasonic transmission path to the 
tissue. The material may be echogenic, but it is not 
necessary . 

20 Using the method of the invention, sonic 

measurements are made before and after a force is applied 
to a transducer so as to compress the known layer and the 
unknown tissue. The resulting strain data are used to 
produce a strain profile. The strain measurements may 

25 then be converted to Young's Modulus measurements by 

calculating the force per unit area ("stress"). Thus, 
the additional strain from the layer of known material is 
used to calculate the stress with the formula. 

30 Stress of the known layer = Young's modulus of the 

layer x the measured strain in the layer. 

Once the stress is known, the Young's Modulus for 
the unknown tissue may be readily obtained, since the 
35 force is the same along the whole area of compression, 

and the area is also the same. 
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Thus, a strain profile can be converted to a Young's 
modulus profile which is absolute, and which is 
independent of the presence of defects or the amount of 
compression. Essentially, the overlying layer acts as a 
"stress meter". This also allows compression of the 
tissue in an arbitrary way, since the results will be 
independent of the initial compression, as long as the 
linear behavior of the tissue is maintained. 

Fig. 7 shows an apparatus for determining 
compressibility of a target body (204) comprising a rigid 
frame (199); a motor (200) attached to the frame (199); 
an axial member (201) having a first and second end, the 
first end being coupled to the motor (200) such that the 
axial position of the axial member (201) can be varied by 
operating the motor (200); and an ultrasonic source (202) 
mounted on the second end of the axial member (201) . The 
ultrasonic source (202) has a surface capable of being 
sonically coupled to the target body (204) . 

The ultrasonic source (202) may be a single 
transducer or a transducer array. A gated transducer 
array is preferred when using a transducer array. Also, 
the axial member (201) may be a worm gear. 



The top surface of a layer (203) with a known 
Young's modulus and speed of sound may be coupled to the 
ultrasonic source's (202) lower surface (212). The 
bottom surface of the layer (203) is coupled to the 
30 target body (204) . 

The apparatus may also contain a data storage medium 
connected to the transducer for storing signals from the 
transducer. The movement of the axial member (201) may 
35 be controlled in precise amounts by using a motor 

controller (205) connected to the motor (200) , such that 
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operation. of the motor (200) moves the axial member (201) 
in precise amounts. 

A transmitter (206) may be connected to the 
5 ultrasonic source (202) to energize the ultrasonic source 

(202) . A receiver (207) may also be connected to the 
ultrasonic source (202) such that signals generated by 
the ultrasonic source (202) in response to echo sequences 
are transmitted to the receiver (207) . A digitizer (209) 

10 may be connected to the receiver (207) to convert analog 

signals into numerical data. Furthermore, a cross- 
correlator (210) may be connected to the digitizer (209) . 
A computer (208) may be connected to the transmitter 
(206) such that the computer (208) is capable of 

15 triggering the transmitter (206) . Also, the cross- 

correlator (210) may be connected to the computer (208) 
such that data may be received by the computer (208) . 
The computer (208) may be programmed to convert the echo 
sequences into a strain profile or into a Young 1 s modulus 

20 profile. Images of the strain profile and the .Young's 

modulus profile may be displayed on a monitor (211) 
connected to the computer (208) . 



Although the apparatus and method of this invention 
25 have been described in relation to clinical diagnosis, 

this should be understood not to be a limiting factor on 
the utility of the invention. For example, the present 
invention may be used in forensics, tissue 

characterization studies, veterinary medicine, laboratory 
30 experiments, and industrial applications. Also, the 

present techniques may be employed to any materials that 
are capable of being physically compressed or displaced. 
That is, a material which is internally displaceable in 
response to pressure applied to the material. 
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The various aspects of the invention will appear 
more specifically in the following examples that are 
purely illustrative and should not be construed to limit 
the scope of the invention. 

5 

EXAMPLE 1 

Referring to Figure 5, a water tank experiment was 
conducted to test the method of estimating relative 
compressibilities using a simulated tissue or tissue 

10 "phantom". A rectangular polyester sponge tissue phantom 

101 whose size was 188 mm x 88 mm x -45 mm was placed in a 
beaker, and distilled water was added to completely 
immerse the phantom 101. The beaker was placed , in a 
desiccator, and laboAtory- vacuum was applied for 

15 approximately 15 minutes. Thereafter, the beaker was 

submerged in a distilled water tank, and the phantom 101 
was removed and placed on a 6.35 mm thick polished 
stainless steel reflector 102. The phantom 101 was 
allowed to reach a temperature equilibrium of 37. 0 ±0.5 

20 degrees C. Sponge phantoms under these conditions have 

been found to simulate human tissue very effectively. 

A thick plexiglass plate 103 having a surface area 
equal the top surface area of the phantom 101 was placed 
25 on top of the phantom sponge. The thickness of the 

plexiglass plate 103 was 15 mm. The thick plexiglass 
plate 103 was used to prevent or reduce elastic 
deformation of this layer. 

30 To determine compressibility of the sponge phantom, 

a weight 104 was placed on the plexiglass plate and 
positioned to make the weight 104 center near the center 
of the plate 103. The transducer 100 was then coupled to 
the plexiglass plate 103. Next, the shift times of 

35 signals backscattered from targets 1 and 2 before and 

after placing weight 104 on plate 103 were obtained. The 
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process was repeated ten times and the average values 
were used for calculation. Buoyancy effects were taken 
into account. 

5 The strain was determined to be 4.56 x 10~ 3 . Since 

the force applied by weight 104 was 3.43 N (0.35 Kg) and 
the top surface area of phantom 101 was 18.8 x 8.8 cm 2 , 
the stress on unit area was 0.021 N/cm 2 . The Young's 
modulus of the absolute phantom was calculated to be 4.54 
10 N/cm 2 . 

EXPERIMENT 2 

The equipment setup for this experiment, shown in 
Figure 6, was used to test the ability of the present 

15 invention to measure relative compressibilities of 

different tissues. In addition, a second phantom formed 
from a foam layer was added to the setup. The second 
foam layer was constructed with a compressibility 
different from the first sponge tissue phantom. The 

20 second phantom ("phantom 2") 105 was more compressible 

than the first phantom ("phantom 1") 101. For measuring 
the relative deformation of segments TJ2 and T^4 the time 
shift of signals backscattered from targets 1, 2, 3 and 4 
were each recorded. The respective arrival times of t lf 

25 t 2/ t 3 and t 4 were 30jxs, 50/rs, BOfis and 100/xs. A matched 

19 mm, 3.5 Mhz transducer 100 was used. The transducer 
100 was moved in 0.5 mm increments toward the proximal 
simulated tissue region. Each time shift was obtained by 
averaging the data from ten measurements. For reference, 

30 the absolute compressibilities of two phantoms 101, 105 

were separately determined by using the measurement 
technique described in Experiment 1. 



35 



The relative strains of segments 1,2 and 5,6 were 
calculated as S(l,2) = 1.51 x 10~ 3 , and S(3,4) - 2.48 x 
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10" 3 , using recorded time shifts. As a result, the ratio 
between the strains of segments 5,6 and 3,4 was 
calculated to be r' = 0.61. 

For reference, the Young's moduli of phantoms 1 and 
2 were separately estimated as 7.85 N/cm 2 and 4.54 N/cm 2 
by using the method described in Experiment 1. 
Therefore, the ratio r between the Young's moduli of 
phantoms 1 and 2 was 0.58 which is close to 0.61. 

In the above examples, the arrival time "windows" 
for the signals of interest were selected to correspond 
to targets 1, 2, 3 and 4. it will be recognized that 
similar windows could have been selected to correspond to 
the boundaries of the layers shown in Figures 5 and 6. 
Thus, in Figure 6, windows coUld have been selected for 
the upper and lower boundaries 105 and 106, respectively, 
of the upper layer, and also for the upper and lower 
boundaries 106 and 107, respectively, of the lower layer. 
It will be recognized that the invention has application 
to target bodies which may have more than two layers. • 

In the two examples, the target bodies were sponges 
which are elastically compliant, solid form materials 
which respond to ultra-sonic signals in a manner quite 
similar to human and other animal tissue. It will be 
apparent, then, that the invention is not limited in its 
use to animal tissue and organs. In general, as noted 
earlier, the invention is contemplated to have 
application to any substantially ' solid form material 
which is compliant, and especially to materials which are 
both compliant and elastic. In general, the materials 
should possess sufficient structure to be plastically 
compliant in a manner such as cheese or elastically 
compliant in a manner such as rubber, human organs or 
other human tissue, meat, gels, and the like. 
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It will be recognized that the foregoing invention 
may be practiced and modified in many ways. For example , 
it is well known that ultrasonic transducers are 
available in matched sets wherein a plurality of matched 
5 transducers are assembled side-by-side in a single head. 

It is contemplated that such multi-channel arrays may be 
coupled to an animal tissue or other compressible solid 
material, and that multiple ultrasonic signals may 
thereby be transmitted into the material simultaneously 
10 along an array of radiation axes. Thus, an entire 

section of the material may be examined by using such an 
array. Images of strain and /or Young's Modulus may be 
made. 



15 



It will also be recognized that one transducer may 
be used as a transmitter and that one or more transducers 
may be offset from the transmitter and used as receivers. 
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CIAXMS : 

1. A method of estimating compressibility of a target 
body which includes the steps of: 

(a) emitting a first pulse of ultrasonic energy 
along a path into the target body; 

(b) detecting the arrival of a first echo sequence 
including one or more echo segments from 
within the target body resulting from said 

first pulse; 

(c) changing the amount* of compression within the 
15 target body along said path; 
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emitting a second pulse of said ultrasonic 

energy following said compression change 
into said target body along said path; 



(e) detecting the arrival of a second echo sequence 

including one or more of said echo 
segments arriving from within said target 
body resulting from said second pulse; and 

(f ) measuring the differential displacement of at 

least one common said echo segment. 



30 2 . The method of claim 1 wherein in step (a) a 

plurality of said pulses are emitted along a 
corresponding plurality of parallel said paths into the 
target body, and steps (b) through (f) are performed for 
each said pulse. 
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3 . The method of claim 1 which further comprises 
dividing each differential displacement by the ratio of 
the force which changes the amount of compression to the 
area of the target body to which the force is applied. 



4. A method for estimating compressibility in a target 
body including the steps of: 

10 (a) energizing an ultrasonic source to emit a first 

ultrasonic signal from said source along 
an axis into said target body; 



(b) detecting from a region within the target body 
X5 a first echo sequence including a 

plurality of echo segments resulting from 
said first ultrasonic transmitted signal ; 

(c) displacing said target body along said axis 
20 relative to the ultrasonic source while 

maintaining sonic coupling between said 
ultrasonic source and said target body; 

(d) energizing said ultrasonic source to emit a 
25 second ultrasonic signal from said 

ultrasonic source along said axis into 
said target body; 



(e) detecting from the region within the target 
30 body a second echo sequence, including 

echo segments common to said first echo 
sequence, resulting from said second 
signal ; and 



35 



(f) measuring the differential displacements of a 
plurality of the common echo segments. 
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5. The method of claim 4 wherein the ultrasonic source 
comprises at least one transducer. 



6. The method of claim 4 wherein the ultrasonic source 
is sonically coupled directly to the target body. 



7. The method of claim 4 in which the echo sequences 
are detected at the ultrasonic source. 



8 . A method for estimating compressibility in organic 
15 tissue comprising: 

(a) sonically coupling an ultrasonic source to said 
tissue body; 

20 (b) emitting a first pulse of ultrasonic energy 

from the source along an axis in said 
tissue; 



(c) detecting the arrival time of a first echo 

sequence including a plurality of echo 
segments arriving in response to said 
first pulse of ultrasonic energy; 

(d) transaxially moving the ultrasonic source so as 

to compress said tissue; 



(e) emitting a second pulse of ultrasonic energy 
from the source along the transmission 
path in said tissue following said 
3 5 movement; 
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(f ) detecting the arrival time of a second echo 

sequence, including a plurality of echo 
segments common to said first echo 
sequence, arriving in response to said 
5 second pulse of ultrasonic energy; and 

(g) measuring the differential displacement of a 

plurality of said common echo segments. 



10 
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9. The method of claim 8 which further comprises 
dividing each said differential displacement by the ratio 
of the force causing the movement in step (d) to the area 
of the tissue to which the force is applied. 



10. The method of claim 9, which further comprises: 
selecting tissue segments within said tissue which extend 
along the transmission path of the ultrasonic pulses; and 

20 measuring in step (g) the differential displacements of 

common echo segments in the first and second echo 
sequences which correspond to the proximal and distal 
ends of said body segments. 

25 

11. A method of estimating the compressibility of a 
target body comprising: 

(a) sonically coupling a material with a known 
30 Young's Modulus and speed of sound to the 

surface of the target body; 



35 



(b) emitting a first pulse of ultrasonic energy 

along a path through the material and the 
target body; 
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(c) detecting a first echo sequence, including a 

plurality of echo segments, from within 
the target body resulting from said first 
pulse; 

(d) forcing the material against the target body 

sufficiently to compress the target body 
while maintaining acoustic coupling 
between the material and the target body; 

(e) emitting a second pulse of ultrasonic energy 

which matches said first pulse of 
ultrasonic energy along said path through 
the material and the target body; 

(f ) detecting a second echo sequence, including a 
plurality of echo segments common to the first 
echo sequence, resulting from said second pulse 
of ultrasonic energy. 

12. detecting a second echo sequence, including a 

plurality of echo segments common to the first 
echo sequence, resulting from said second pulse 
of ultrasonic energy. 

13. The method of claim 11 which further comprises 
detecting the difference in arrival times of at least two 
of said common echo segments resulting from the two 
emissions in. steps (b) and (e) . 



14. A method of obtaining a strain profile of organic 
tissue comprising at least two layers of organic tissue 
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defined and separated from each other by boundaries, 
which comprises the following steps: 

(a) sonically coupling an ultrasonic transducer to 
5 the surface of the tissue so as to direct 

ultrasonic signals along a path extending 
successively through the layers; 

(b) energizing the transducer to direct a first 

10 ultrasonic signal along said path through 

said layers; 

(c) detecting the arrival times at the transducer 

of echo segments originating at the 
15 proximal and distal boundaries of each 

said layer and resulting from said, first 
signal; 

(d) changing the amount of compression in the 
20 tissue layers along said path; 

(e) energizing the transducer to direct a second 
ultrasonic signal along said path through said 
layers ; 

25 

(f ) detecting the arrival times at the transducer 

of said echo segments resulting from said 
second signal; and 

30 (g) measuring the differences between the arrival 

times in steps (c) and (f ) for said echo 
segments • 



35 



15, The method of claim 13 in which a layer of material 
of known Young's modulus and speed of sound is interposed 
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between the transducer and the tissue and is acoustically 
coupled to both the transducer and the tissue prior to 
step (a) , and steps (a) through (f ) are conducted with 
said path extending through said material and said layers 
of tissue. 

16. The method of claim 14 which further compresses 
determining the Young's modulus of each said layer of 
tissue relative to said layer of material. 

17. A method of studying an internal region of the human 
body which includes the following steps: 

(a) sonically coupling an ultrasonic transducer to 

the body so as to emit an ultrasonic 
signal along an axis into the region, and 
such that movement of the transducer "along 
the axis relative to the region will 
change the compression of the body between 
the transducer and the region; 

(b) energizing the . transducer to emit a first 

signal along said axis into the body and 
the region; 

(c) detecting the arrival at .the transducer of a 

plurality of spaced echo segments 
resulting from the first signal and coming 
from the region; 

(d) moving the transducer along the axis relative 

to the region sufficiently to change the 
compression of the region while 
maintaining said sonic coupling; 
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(e) .energizing the transducer to emit a second 

signal along said axis into the body and 
said region; 

5 (f) detecting the arrival at the transducer of each 

echo segment resulting from the second 
signal which corresponds to an echo 
segment detected in step (c) , above; and 

10 (g) determining the strains produced in segments of 

the region between pairs of said echo 
segments . 



15 18. A method of determining the compressibility of a 

compressible target body which comprises: 

(a) sonically coupling an ultrasonic transducer to 

the target body which is capable of 
20 transmitting an ultrasonic signal along a 

path into the target body; 

(b) transmitting a first such signal from the 

transducer along the path into the target 
25 body; 

(c) detecting the arrival times at the transducer 

of two resulting echo signals from two 
features within the target body spaced 
3 0 different distances from the transducer 

along the path; 



35 



(d) forcing the transducer against the target body 
along the path to compress the target body 
between the transducer and said features; 
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(e) transmitting a second such signal from the 

transducer along the path into the target 
body; and 

(f ) detecting the arrival times at the transducer 

of the two resulting echo signals from 
said two features. 



10 



19. The method of claim 17 which further comprises 
computing strain within the target body using the 
following formula: 
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strain = 



where t^ 
signal from 



from 



from 



from 



*1B - 
t 2B - 



(W*- t^) - (t^ - t^) 

arrival time of the first echo 

the proximal feature; 
arrival time of the first echo signal 

the distal feature; 

arrival time of the second echo signal 

the proximal feature; and 
arrival time of the second echo sxgnal 

the distal feature. 
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20. The method of claim i7 which further comprises 
dividing the force applied in step (d) by the area of the 
target body against which the force is applied, and also 
by the value obtained in claim 18. 
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21. An apparatus for determining compressibility of a m 
target body comprising: 

(a) a rigid frame; 

5 

(b) a motor attached to tlie frame; 

(c) an axial m em ber having a first end and a second 

end, said first end coupled to said motor 
10 such that the axial position of said axial 

9 member can be varied by operating said 
motor ; and 

(d) an ultrasonic source mounted on the second end . 
15 of the axial member f said ultrasonic 

source having a lower surface capable of 
being sonically coupled to the target 
body. 

20 

22. The apparatus of claim 20 which further comprises a 
layer with a known Young's Modulus and speed of sound, 
said layer having a top surface coupled to said lower 
surf ace and a bottom surface capable of being coupled to 
25 the target body. 



23. The apparatus of claim 20 wherein the ultrasonic 
source is a transducer. 

30 

24. The apparatus of claim 20 wherein the ultrasonic 
source is an transducer array. 



35 



WO 91/07657 PCT/US90/06736 



-39- 



10 



15 



20 



25 



30 



25. The apparatus of claim 20 .wherein the axial member 
comprises a warm gear. 



26. The apparatus of claim 20 which further comprises a 
data storage medium connected to the ultrasonic source 
and capable of storing signals from the ultrasonic 
source . 



27. The apparatus of claim 20 which further comprises a 
motor cbntroller connected to the motor and operable such 
that operation of the motor moves the member in precise 
amounts . 



28. The apparatus of claim 26 wherein the controller 
includes a programmable computer. 

29. The apparatus of claim 2 0 which further comprises: 

(a) a transmitter connected to the ultrasonic 

source and operable to energise the 
ultrasonic source, and 

(b) a receiver connected to the ultrasonic source 

such that signals generated by the 
ultrasonic source in response to echo 
sequences received from the target body 
are transmitted to the receiver. 
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30. The apparatus of claim 28 which further comprises a 
digitizer connected to the receiver and a cross- 
correlator connected to the digitizer. 
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31. The apparatus of claim 29 which further comprises a 
computer connected to the transmitter and the cross- 
correlator such that the computer is capable of 
triggering the transmitter and receiving data from the 

5 cross-correlator . 

32. The apparatus of claim 30 wherein the computer is 
programmed to convert echo sequences into a strain 

10 profile. 



33. The apparatus of claim 31 wherein the computer is 
programmed to converting echo sequences into a Young's 

15 modulus profile. 

34. The apparatus of claim 32 which further comprises a 
monitor connected to the computer and operable to display 

20 images of the strain profile and the Young's modulus 

profile. 



35. Apparatus for estimating the compressibility of a 
25 target body f comprising: 

(a) a rigid support member; 

(b) an ultrasonic transducer capable of being 

30 sonically coupled to a target body and of 

transmitting an ultrasonic signal into the 
target body when sonically coupled to the 
target body; and 
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(c) .a drive mechanism mounted on the support member 
and of a character to drive the transducer 
along a linear axis to or from a sonically 
coupled relation with the target body. 
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